The geometric and electronic structure of clean and oxygen-dosed Cu20 single-crystal surfaces was studied with x-ray and ultraviolet photoelectron (UPS) spectroscopies and low-energy electron diA'raction. The nonpolar (111) surface can be prepared in a nearly stoichiometric (1X1) form by ion bombardment and annealing in vacuum. Oxygen adsorbs molecularly on the stoichiometric (111)surface at 300 K, but adsorbs dissociatively on a defective (111)surface prepared by ion bombardment. For the polar Cu2O(100) face it was possible to prepare a reconstructed, Cu-terminated surface with a (3&2 X &2 }R 45' periodicity by ion bombardment and annealing in vacuum. Preparation of an unreconstructed, (1 X 1), 0-terminated (100}surface was possible by large (10 -L) oxygen exposures. UPS investigations of the O-terminated (100) surface suggest a mixture of incorporated (i.e., lattice) oxygen and adsorbed atomic oxygen (i.e., adatoms) in the terminating layer.
I. INTRODUCTION The surface properties of the oxygen-copper system have been investigated extensively for over 25 years in an effort to understand the structure and electronic properties of both adsorbed and incorporated (oxide) Ar-ion sputtering, but some Cu metal was observed following bombardment with 5-keV Ar ions.
Several groups have studied the conductivity of Cu20 single crystals as a function of both annealing temperature and oxygen partial pressure.
A study of Cu20 (111) showed that the surface conductivity changed as a function of exposure to air or heating in vacuum. One study concluded that the conductivity of CuzO single crystals is associated with intrinsic crystal defects, and not due to the presence of oxygen at higher partial pressure.
However, Toth et al. reported that the conductivity of CuzO single crystals depends on the partial pressure of gas-phase oxygen. Assismos and Trivich examined the photoelectric threshold, work function, and surface barrier potential for Cu20(111) single crystal surfaces. They concluded that, despite different surfacepreparation conditions, the bands for the Cu~O(111) single-crystal surface remained in a nearly-flat-band condition ( -0.02~q V~0. 13 
eV).
Several theoretical investigations of the band structure of Cu20 have been reported due to interest in the exciton spectrum. Dahl and Switendick used a non-self-consistent augmented-plane-wave (APW) method and concluded that the exciton spectrum was due to copper-derived electronic states. ' Kleinman and Mednick" used a selfconsistent expansion in Gaussian orbitals, and found that spin-orbit splitting puts the I +7(j = -, ' ) level above the 1611 trum. Cu and Cu'+ may be distinguished by difFerences in the peak position and shape of the Cu L3VV Auger signal. In addition to difFerences in the core-level spectra, ultraviolet photoelectron spectroscopy (UPS) can also be used to distinguish between Cu valence states in copper oxide materials. ' Rosencwiag Fig. 1(a Figs. 1(b) and 1(c), respectively.
(a)
Ir sassmri aessI-sass(r SahS(-sassar %aha-SIS The Cu-to-0 ratios are, therefore, taken to reAect trends in compositional changes at the surface, and not necessarily as absolute measures of the surface composition or stoichiometry.
XI'S
Variations in the XPS Cu-to-0 ratio of the CuzO(111) surface are shown in Fig. 2 Figure 2 also shows the XPS Cu-to-0 ratios of the CuzO(100) surface for a set of ion-bombardment and consecutive annealing experiments. The Cu-to-0 ratio falls in the range 1.5 -1.6, and shows little change (~5%) with annealing temperature up to 800 K. Upon heating to 900 K, the XPS Cu-to-0 ratio decreased from an average value of about 1.57 to about 1.35 , indicating an oxidation of the surface by the diffusion of oxygen from the bulk. The Cu-to-0 ratio remained at this value, within experimental error, after further annealing to 1000 K. Ion bombardment of the CuzO(100) 1000-K-annealed surface with an XPS Cu-to-0 ratio of 1.35 returned the XPS Cuto-0 ratio to near 1.60. However, these variations in surface composition proved to be history dependent. After approximately 30 ion-bombardment and annealing treatments, the drop in the Cu-to-0 ratio (1.60 to 1.35) at 900 K was no longer observed, and a Cu-to-0 ratio near 1.60 was maintained regardless of annealing temperature. The history dependence is apparently related to a depletion of bulk oxygen, which significantly reduces the rate of oxygen diffusion to the surface. No change in the valence state of the Cu atoms at the surface was observed for any of the treatments described above. Thus, as on the (111) surface, no Cu + or Cu was observed. A. Ion-bombardment Fig. 3(a) . Following ion bombardment of the CuzO(100) surface, a faint, square (1 X 1) LEED pattern on a diffuse background was observed, indicating a substantially disordered surface. Upon annealing to 475 K, the integralorder beams became sharper, and faint fractional-order spots became visible. The observed pattern, an apparent (3v'2X+2)R45' periodicity with many missing spots, became sharpest after annealing at 800 K, and is shown in Fig. 3(b) . This periodicity, despite the missing spots, is hereafter referred to as (3&2X+2)R45' for notational convenience. For the initial runs, further annealing to 1000 K resulted in the appearance of an additional centered spot with a (&2X&2)R45 periodicity [shown in Fig. 3(c) ] concurrent with the drop in the Cu-to-0 ratio from 1.60 to 1.35 observed in XPS. However, this high- temperature behavior proved to be history dependent. After approximately 30 ion-bombardment and annealing treatments, the centered spot no longer appeared for annealing temperatures above 800 K. Additionally, the Cu-to-0 ratio remained near 1.60 rather than decreasing to 1.35 . Thus, the appearance of the centered spot in the LEED pattern was directly related to the change in the Cu-to-O ratio from near 1.60 to 1.35 For the early runs, where the decrease in the Cu-to-0 ratio in XPS and the appearance of the centered spot in LEED were observed following high-temperature annealing, the intensity of the 9.4-eV feature was found to vary significantly as a function of annealing temperature following ion bombardment.
This behavior is illustrated in the inset of Fig. 4 In an effort to identify the 9.4-eV photoemission feature, UPS difference curves were generated between spectra that exhibited a significant difference in intensity of the 9.4-eV feature. A representative difference curve, generated using the two Heft spectra in Fig. 4 (b) is shown in Fig. 4(c) . Regardless of the sample history of the two curves used to generate a difference spectrum, the 9.4-eV feature was always found to be one feature of a difference spectrum like that shown in Fig. 4(c He I and He II were used for UPS, and Cu-to-0 ratios were determined with XPS for each exposure. LEED observations were made as a function of annealing temperature following a 10 -L oxygen dose on the annealed surfaces. All photoemission measurements and LEED observations were made at 300 K. Figure 5 provides an illustrative set of UPS difference curves that are characteristic of the observations made for all surfaces and preparation conditions. For comparison, Fig. 5(a) shows the gas-phase UPS spectrum for molecular oxygen, 02, reproduced from Ref. 34 .
Binding Energy (eV) c) FIG. 4. (a) He I) UPS spectra of 1000-K-annealed Cu, O(100) surfaces. The solid-line spectrum is characteristic of the surface following many ion-bombardment and annealing cycles [(3v'2 X /2)R45' periodicity], while the dashed spectrum was obtained early in the sample history [(3&2X &2)(&2 X &2)R45' periodicity]. (b) He tt UPS spectrum of the Cu20(100) surface following ion bombardment and annealing to 400 K (dashed) and 800 K (solid). The spectra correspond to the maximum variation in the 9.4-eV photoemission feature for a given ion-bombardment and annealing cycle as shown in the inset. (c) UPS difference curve between the spectra in (b). All spectra are referenced to the valence-band maximum, and N(E) spectra have been normalized on the feature below 1 eV.
Oxygen on Cu20(111)
Two different Cu20(111) surface preparations were studied: a (1 X 1) surface prepared by ion bombardment and annealing to 1000 K for 20 min, and an ionbombarded surface. No adsorbate-induced features were discernable in UPS on either the ion-bombarded or 1000-K-annealed (1X1) surfaces for oxygen exposures of less than 10 L. For 10 -L exposures, the hexagonal, 1000-Kannealed (1 X 1) surface exhibited a two-peaked UPS difference spectrum with a peak separation of 4.6 eV, as shown in Fig. 5(b) . In contrast, oxygen adsorption on the ion-bombarded surface gave rise to the difference spectrum shown in Fig. 5(c) with maxima at 9.4, 5.2, and 2.3 eV, and a shoulder at about 7 eV. For comparison purposes, the spectrum from Fig. 4(c) is reproduced as Fig. 5(d) . A comparison of Figs. 5(c) Fig. 6(a) . When heated to 400 -450 K in vacuum, the Fig. 1(a) (1 X 1), (&2 X &2)R 45, (3+2 X +2)( &2 X +2)R 45', and (3+2 X +2)R 45' periodicities. The observation of distinct and separate (3V2 X V2)R 4S' and (/2 X V'2 )R 45' periodicities [ Figs. 3(b) and 6(b), respectively] for different~reparation conditions suggest that the (3&2X&2)(&2X&2)R45' pattern [ Fig. 3(b) ] is a combination of domains with the two different periodicities. The XPS Cu-to-0 ratios observed with the difterent periodicites vary in the order (3+2 X &2)R 45') (3+2 X &2)(&2X +2)R 4S'
with values of about 1.60, 1.35 , and 1.15, respectively.
Calculations of the expected variation in XPS Cu-to-0 ratio for the two ideal terminations of the polar (100) surface give values of 1.57 for the Cu-terminated surface [ Fig. 1(b) ] and 1.23 for the 0-terminated surface [ Fig.  1(c) Fig. 3(b) . and 1m"orbitals is slightly less than 2 eV in the gas phase. However, the width of the associated photoemission feature in the difference spectrum is also about 2 eV, implying that the two features observed in the gas phase are not resolved in the adsorbate. Thus, the two-peaked UPS difference spectrum in Fig. 5(b) is assigned to adsorbed molecular oxygen. (100) and ion bombarded CuzO (-111) three-peaked spectra assigned to triplet atomic oxygen and singlet molecular oxygen, respectively.
Oxygen adsorbed on CuzO
Consideration of the oxygen-induced features at intermediate binding energies leads to the conclusion that atomic oxygen species give rise to the difference spectra in Figs. 5(c) 
